Objective-The Pro12Ala polymorphism of PPARG modulates risk of developing type 2 diabetes. The Ala allele has also been associated with a reduced risk of cardiovascular events. We have shown previously that the linked T allele of the C1431T polymorphism influences Ala12-associated diabetes risk and that the 2 polymorphisms have opposing associations with body weight. We therefore investigated the association of these 2 variants with cardiovascular events in people with type 2 diabetes. Methods and Results-We performed a cohort study of 2016 individuals and used Cox proportional hazards to analyze risk of myocardial infarction or death by PPARG Pro12Ala and C1431T genotypes, adjusting for age, sex, and smoking status. In individuals enrolled Ͻ70 years of age, the hazard for a first nonfatal event associated with the Ala12 allele was 0.21 (CI, 0.06 to 0.69; Pϭ0.01) and the T1431 allele 9.9 (CI, 1.90 to 51.29; Pϭ0.007). These opposing associations remained significant after correction for other conventional risk factors. The T1431 allele was also associated with all-cause mortality. Conclusions-This study confirms the association of the Ala12 allele with reduced risk of myocardial infarction in a type 2 diabetic population and demonstrates that the T allele independently associates with an increased risk. (Arterioscler
T he peroxisome proliferator-activated receptor-␥ (PPAR␥) has a key role in the molecular pathophysiology of obesity and type 2 diabetes. 1 It is directly involved in adipogenesis 2 and liver and muscle responses to glucose, 3, 4 as well as some aspects of pancreatic ␤-cell function. 5 It is also the molecular target of the thiazolidinedione class of insulin sensitizing drugs. 6 Genetic variation at the PPARG locus may modulate individual susceptibility to type 2 diabetes mellitus and related traits associated with premature cardiovascular disease. [7] [8] [9] Notably, the Ala allele of the Pro12Ala polymorphism has been associated with greater insulin sensitivity, 7, 9 reduced risk of type 2 diabetes, 10 reduced body mass index (BMI), 11 lower blood pressure, 12 and reduced risk of myocardial infarction. 13 Furthermore, the action of this variant may be subject to interaction with diet and exercise. 14, 15 We demonstrated previously that a further silent variant in exon 6 of PPARG, C1431T, which is in strong linkage disequilibrium (LD) with the Pro12Ala variant, has an opposing association with body mass in several populations with and without type 2 diabetes. 11 We found the Ala12 variant to be associated with a reduced BMI, whereas the T allele was associated with an increased BMI. Similar findings have been reported recently in a study of polycystic ovary syndrome, 16 and several reports have suggested that the T1431 allele is associated with higher leptin levels in obese women. 8, 16 Although the relationship between T1431, leptin, and BMI is as yet undefined. Furthermore, we have demonstrated that the strength of the association of the Ala allele with a reduced risk of type 2 diabetes may be modulated by the presence of LD with the T allele. 17 Interestingly, in contrast to the balanced frequency and strong LD observed in the white population, T1431 occurs much more frequently than Ala12 in Asian and Oji-Cree populations, and reports from these populations have suggested a role of T1431 in increased risk of cardiovascular disease. 9, 18, 19 Because the T allele of C1431T and the Ala allele of Pro12Ala appear to be consistently associated with opposing metabolic traits, we hypothesized this may also be observed for the development of cardiovascular disease in a large group of individuals with type 2 diabetes.
Materials and Methods
All individuals with diabetes mellitus in the population of Tayside, Scotland, have been identified previously through record linkage techniques with a sensitivity of 97%. 20 Clinically relevant data are recorded according to a standard data set and case records regularly validated by a team of dedicated research nurses. This continuously updated data set comprises the clinical information system known as DARTS (Diabetes Audit and Research in Tayside Scotland), which has been described previously. 20 Blood has been collected for genetic studies from a cohort of individuals in DARTS. This genetic substudy, known as Go-DARTS, therefore consists of a free-living clinical cohort selected only on the basis of having type 2 diabetes and attending a diabetes clinic in Tayside. All subjects in Go-DARTS are of white ethnicity. Rigorous compliance with National Health Service data protection and encryption standards is maintained at all times, and the study was approved by the local research ethics committee.
At the study outset, there were a total of 2016 white individuals with type 2 diabetes in Go-DARTS. Genotyping for PPAR␥ Pro12Ala and C1431T polymorphisms was performed using Taqman (Applied Biosystems) allelic discrimination assays as described previously. 11 All individuals were followed up until a cardiovascular event (nonfatal myocardial infarction or revascularization) or death from any cause after recruitment or to the end of the study period. Hospitalization events for a myocardial infarction were obtained from the Scottish Morbidity Register. Myocardial infarction events that did not result in hospitalization were obtained from the DARTS database based on information derived from all general practices in the region. Hence, ascertainment of events was close to 100%. Although the date-of-death data are available rapidly on DARTS, there is a delay in obtaining adjudicated cause of death centrally from the Office of the General Registrar; therefore, these data were only available on a proportion of individuals who died early in the study, and thus we chose to consider only death by any cause. Cox proportional hazards model was used to represent the association of genotype with time to event, with the end point being nonfatal myocardial infarction, revascularization, or all-cause death. The analysis was initially performed in the entire group, that is whether or not they had experienced a previous nonfatal event. To avoid potential problems associated with survival bias and dilution of genetic effects through the multiple events that accrue with age, we also investigated a younger group that had been enrolled into the study Ͻ70 years of age. For the same reasons, we also considered a further subgroup of individuals in whom each event after recruitment was their first by excluding all those having had a stroke, myocardial infarction, or coronary revascularization before enrollment. Age at recruitment, sex, and smoking status (never smokers or ever smokers) were included with genotype in the initial models. The Pro12Ala and C1431T variants were included in all models. It was found that for the Pro12Ala polymorphism, a dominant model produced the best fit, whereas for C1431T, a codominant model was appropriate. A subsequent multivariate analysis was performed that also included first-recorded total cholesterol, high-density lipoprotein (HDL)-cholesterol, log 10 triglycerides, and mean arterial blood pressure (calculated as [(diastolic blood pressureϫ2)ϩsystolic blood pressure)/3] together with mean log 10 BMI and years with diabetes). Log values were used where required to normalize the distribution. STATA version 7 was used for all data manipulation and analyses.
Results
Allele frequencies together with linkage data of the Pro12Ala and C1431T in the Go-DARTS cohort have been reported previously. 11, 21 The mean age of the population at enrollment was 64.4 years (SD 11.6) and the mean duration of diabetes 7.9 years (SD 6.8). The mean follow-up time for all events was 36.6 months (SD 15.0). We found no evidence of an association of either polymorphism with age of diagnosis with diabetes or diabetes duration before enrolment (data not shown).
When we included either the Pro12Ala polymorphism or the C1431T polymorphism separately in the Cox model, we found only a weak, nonsignificant association of the Ala12 allele with reduced risk of nonfatal cardiovascular events and an even weaker nonsignificant association of the T allele with increased events (data not shown). However, including both variants in the model resulted in a stronger and opposite association of each variant with events. These data are shown in Table 1 , which also gives the number of individuals at risk and the number of events occurring for each group of patients considered. In the initial model, which considered all nonfatal events in the entire population, we found a borderline nonsignificant association of the Ala allele with reduced risk of a nonfatal myocardial infarction or revascularization (hazard ratio [HR], 0.54; CI, 0.27 to 1.08), whereas the T allele was associated with a nonsignificant increased risk (HR, 2.34; CI, 0.77 to 7.11). However, when we considered the younger population enrolled before 70 years of age, we found the strength of the associations increased and became more significant with the HR associated with the Ala allele being lower (HR, 0.43; CI, 0.18 to 0.99) and the hazard associated with the T allele higher (HR, 4.75; CI, 1.24 to 18.25). When we analyzed time to first event in each individual in this younger cohort, excluding individuals who had experienced stroke, myocardial infarction, or revascularization before enrollment, we found a further strengthening of the observed associations (HR for the Ala allele, 0.21; CI, 0.06 to 0.69; HR T allele, 9.90; CI, 1.9 to 51.29). We then considered the combined end point of nonfatal events and all-cause death in this subgroup, and it was found that the T allele was again associated with a significantly increased risk (HR, 2.55; CI, 1.13 to 5.75), whereas the Ala allele was associated with a reduced risk that was only of borderline significance (HR, 0.68; CI, 0.43 to 1.1). The interaction of the T1431 and Ala 12 alleles in this group are illustrated as Kaplan-Meier plots in the Figure. In A, time to event is compared between Finally, considering only all-cause death in the younger group, it was found again that the T allele was associated with an increased risk of earlier death (HR, 2.61; CI, 1.02 to 6.65); however, association of the Ala allele was considerably weakened (HR, 0.82; CI, 0.49 to 1.39). We also examined cardiovascular death using this model and observed hazards of a similar magnitude; however, this was underpowered compared with the all-cause death data because of the shorter follow-up period available for the cardiovascular death diagnosis, as detailed in the methods (data not shown). Because the majority of deaths in type 2 diabetes are of cardiovascular origin, our study was underpowered to specifically determine the role of the variants in noncardiovascular causes of death.
We then determined the extent to which the observed associations were dependent on other conventional risk factors and so repeated the analysis including smoking status, log 10 mean BMI, first-recorded HDL-cholesterol, total cholesterol, log 10 triglycerides, and mean arterial blood pressure. We found that with inclusion of these conventional risk factors in the model, the observed associations of genotype with outcome was modestly attenuated but remained significant (Table 2 ).
Discussion
We have investigated the association of the Pro12Ala and C1431T polymorphisms of PPARG on cardiovascular events in a large population of patients with type 2 diabetes. We have exploited advanced record-linkage technology developed through DARTS to enable all individuals in the cohort to be prospectively followed with a high degree of sensitivity and specificity 22 and have confirmed a previous report that the Ala allele of Pro12Ala is associated with a reduced hazard of myocardial infarction. 13 Furthermore, we have demonstrated that the T allele of C1431T is associated with an increased hazard and that its coexistence influences the hazard associated with the Ala allele. The potential importance of the T1431 variant as a marker for cardiovascular risk is supported by a recent case control study from Taiwan that considered this variant in isolation and demonstrated a significantly increased risk of premature myocardial infarction as well as an increased level of atherogenic oxidized low-density lipoprotein-cholesterol associated with T1431 homozygotes. 18 Furthermore, a recent study in the Oji-Cree considered the C1431T and Pro12Ala polymorphisms and demonstrated an association of the Ala12 allele with reduced carotid intima media thickness, whereas the T1431 allele was associated with an increase in total atherosclerotic plaque volume in the carotid artery. 19 These findings corroborate previous observations that the Ala12 and the linked T1431 are associated with opposing phenotypes. 11, 16, 17 Because the T allele is silent, it is likely that these observed associations are attributable to its LD with a further common variant with functional consequences at the PPARG locus. This may Kaplan-Meier plot illustrating time to all events including allcause death by PPARG genotype in the individuals enrolled in Go-DARTS at Ͻ70 years of age. A, Pro12Ala, Pro/Pro vs Ala allele carriers, adjusted for the presence of C1431T T allele. B, C1431T, C/C vs T allele carriers, adjusted for the presence of Pro12Ala Ala allele. C, Pro12Ala, C143T combined genotypes.
indeed be true also for the Ala allele, although there is some evidence that it may have functional consequences. 9 We found that the opposing hazards associated with the PPARG variants were more apparent in a younger population enrolled in the study Ͻ70 years of age, probably reflecting survival biases operating in the very elderly, together with the fact that at that at an older age, the influence of genotype on events will be attenuated. For example, the Taiwanese study was able to detect the increased myocardial infarction risk associated with the T1431 allele in individuals Ͻ50 years old, 18 and interestingly, the Ala12 variant has been shown recently to be enriched in very elderly Italians. 23 These findings, together with our findings that healthy middle-aged control populations have a higher Ala12 frequency relative to children, 17 support our hypothesis that common variation at PPARG has pleiotropic consequences for general morbidity and mortality. It is likely that the stronger association observed in the group with no previous cardiovascular events before enrollment reflects the effects of an increased number of cardiovascular protective drugs prescribed to individuals with previous cardiovascular events.
Because the Ala12 and T1431 alleles are in strong LD, they often occur together in the same individual and, as we have demonstrated previously, when they occur together, they effectively cancel out their associated phenotype. This is illustrated in the Figure (C) , in which the survival curves are superimposed when both alleles are absent or both present. It is for this reason that considering either allele in the model on its own resulted in only a weak and nonsignificant association with cardiovascular risk compared with including both variants in the model, in which case the presence of the opposing allele is being accounted for statistically. Another consideration when interpreting reports of these variants is that the LD between the variants differs markedly by ethnicity. In white populations, the DЈ is 0.6 and the allele frequencies are almost identical, giving a similar R 2 and DЈ value. It would appear that the frequency of the T1431 variant in Asian populations may be 10-fold higher than Ala12 18 and 3-fold higher in Oji Cree, 19 thus providing many more individuals who contain the T1431 variant without the Ala12 variant than would be present in the white samples, which represent the bulk of the literature. Therefore, the "cross-contamination" of association by LD will be less in these samples.
In 1 study, the T allele has also been indirectly associated with a reduced risk of angiographically defined coronary artery disease. 24 Interestingly, this study did not consider the Ala allele and found that the protective advantage was mainly among the C1431T heterozygotes, with C1431 and TT homozygous individuals each having evidence of increased disease. Based on our findings, we would predict that individuals homozygous for the T allele would have increased disease because of an increased ratio of T to Ala alleles, whereas CT heterozygotes, in contrast, would be expected to have an approximately equal proportion of opposing Ala alleles and would thus be relatively protected.
To the best of our knowledge, only 1 other study has considered both of these variants on coronary artery disease in a diabetic population and found no association of these or other variants with atherosclerotic vascular disease. 25 However, this was a small retrospective case control and therefore subject to bias and lack of power.
Genetic variation at PPARG has also been associated with conventional risk factors for cardiovascular disease such as body weight, 11 blood pressure, 12 and lipids, 26 suggesting the possibility that the observed association with cardiovascular risk also may be through these mechanisms. However, the inclusion of a full range of conventional risk factors including BMI in the model resulted in only a modest reduction in the impact of the alleles, suggesting that the observed genetic association was largely independent of these. However, it should be pointed out that the patients in this population were all undergoing active management of their diabetes and cardiovascular risk factors over a mean duration of Ϸ8 years because diagnosis with diabetes and this would tend to obscure differences in these parameters because of genotype. Furthermore, measures of a particular risk factor taken at only a single point in an individual's life span are unlikely to reflect the cumulative effect of subtle modulations in PPAR␥ activity throughout that individual's life and the influence this may have in turn on development of cardiovascular disease. It is also likely that PPAR␥ has a diverse role in the pathophysiology of cardiovascular disease, possibly unrelated to conventional risk factors. This is supported by recent evidence that PPAR␥ is involved in the regulation of inflammation and endothelial function. 27 In this study, we have not addressed the influence of pharmacotherapy on the association of genotype and outcome. It has been postulated that thiazolidinediones, which are PPAR␥ activators, and increased insulin sensitivity may reduce the risk of cardiovascular risk events, 28 which raises the question whether the greater risk associated with possession of the T allele can be ameliorated with thiazolidinedione therapy or indeed any of the other pharmacological therapies commonly prescribed to individuals with type 2 diabetes. These interesting, although complex, pharmacogenetic questions are the subject of ongoing research. Finally, although we have not been able in this study to define the mechanism whereby variation at PPARG is associated with cardiovascular events, our observation that the association of T1431 variant with coronary events can be followed through to all-cause death, of which as many as two thirds are vascular in origin in patients with type 2 diabetes, further underpins the potential clinical importance of this pleiotropic locus. This study therefore indicates the possible clinical importance of including genotype in discriminating between individuals with differing risk profiles for premature events to inform appropriate therapeutic intervention.
